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HLH  CLUTCH  DESIGN 


Reference  1  describes  a  program  to  advance  the  technology  of 
overrunning  sprag-clutch  units  to  allow  for  reliable  and  effi¬ 
cient  operation  at  speeds  and  loads  commensurate  with  advanced 
aircraft  gas-turbine  engines. 

The  test  program  described  in  Reference  2  applies  the  knowledge 
gained  to  develop  an  overrunning  clutch  capable  of  meeting  the 
HLH  design  requirements.  The  design  operating  conditions  for 
this  program  were  11,500  rpm  and  3,795  ft— lb  torque. 

The  overrunning  clutch  is  a  critical  helicopter  component  that 
transmits  engine  torque  in  normal  operation  and  allows  the 
rotors  to  autorotate  in  case  of  engine  malfunction.  With  the 
advent  of  multiengine  configurations,  the  overrunning  clutch 
assumes  an  even  greater  role,  since  the  aircraft  must  be 
capable  of  operation  with  an  engine  shut  down  or  with  engines 
operating  at  different  speeds.  To  achieve  the  lightest  con¬ 
figuration,  the  overrun;  i  clutch  is  located  on  the  high-speed 
shaft  before  the  first  geur  reduction.  Figure  1  shows  a  sche¬ 
matic  of  the  HLH  drive  system  and  lists  the  design  ratings. 


Figure  1.  HLH  Drive  System. 


•^ynwander,  P.,  Meyer,  A.  G.,  and  Chachakis,  S.,  SPRAG  OVER 
AIRCRAFT  CLUTCH,  USAAMRDL  Technical  Report  72-49,  U.S.  Army 
Air  Mobility  Research  and  Development  Laboratory,  Fort  Eustis, 
Virginia,  July  1972,  AD747807. 

^Boeing  Vertol  Test  Plan — HLH/ATC  Transmission  Overrunning 
Clutch  Development  Program,  D301-10118-1 . 
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SPRAG-CLUTCH  OPERATION 

The  principle  of  sprag-clutch  operation  iz  illustrated  in 
Figure  2.  The  sprag  component  is  designed  with  cross-corner 
dimensions  such  that  a>b.  Assuming  that  an  engine  is  driving 
counterclockwise  through  the  outer  race,-  the  wedging  action  of 
the  sprag  (contact  through  dimension  a)  will  drive  a  gearbox 
through  the  inner  race.  If  the  engine  is  shut  down  and  the 
gearbox  continues  to  rotate,  the  clutch  will  overrun  (sprags 
rotate  clockwise  toward  dimension  b)  ,  thus  achieving  the  de¬ 
sired  effect  of  disengaging  the  engine  and  its  associated  drag 
torque  from  the  drive  system. 


Figure  2.  Principle  of  Sprag-Clutch  Operation. 
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A  spring  is  normally  added  to  the  clutch  to  ensure  traction 
(energizing)  during  driving,  and  to  maintain  raceway  contact 
during  overrunning.  To  provide  for  equal  load  sharing  (full 
phasing) ,  a  retainer  is  employed  between  the  races  to  keep  the 
sprags  uniformly  spaced.  A  centrifugal  force  produced  by  the 
mass  and  rotation  of  the  sprags  also  acts  to  energize  the  clutch 
during  the  engine-drive  mode.  No  centrifugal  force  acts  on 
the  sprags  during  the  100-percent  overrunning  mode  because  the 
tangential  driving  force  component  is  greater  at  the  inner  race 
so  slipping  occurs  initially  at  the  inner  race  and  the  sprags 
remain  stationary  with  the  outer  race. 

An  important  feature  of  sprag-cam  design  is  the  compounding  of 
radii  of  curvature,  especially  at  the  inner  race.  When  the 
clutch  changes  from  the  load  to  overrun  mode  of  operation 
(called  the  release  position)  ,  the  radius  of  curvature  at  the 
inner  race  is  greatly  reduced,  thus  allowing  the  clutch  to 
slip  more  easily  into  the  overrun  mode. 

In  addition  to  the  conditions  just  described — drive  and  over¬ 
running — a  third  mode  of  operation,  called  differential  speed, 
must  be  evaluated.  In  a  multiengine  application,  if  one  engine 
is  driving  the  gearbox,  the  clutches  on  the  other  engines  are 
overrunning:  the  inner  races  are  coupled  to  the  gearbox  and  are 
rotating  at  speed  of  the  first  engine.  If  a  second  engine  is 
started,  it  cannot  transmit  torque  to  the  gearbox  until  it 
accelerates  to  the  speed  of  the  first  engine.  During  this  time, 
however,  centrifugal  force  of  the  sprags  acts  to  energize  the 
clutch;  this  condition  is  much  more  severe  on  the  wear  life  of 
the  clutch  than  pure  overrunning.  This  mode  of  operation  could 
occur  during  preflight  checkout  of  the  aircraft  or  during  flight 
if  one  engine  is  driving  and  the  other  is  maintained  at  idle  for 
quick  response  to  any  need  for  reserve  power. 


HLH  SPRAG-CLUTCH  DESIGN  CRITERIA 

•  Single-engine  torque  is  3,795  ft-lb  (100  percent)  at 
11,500  rpm.  Engine  rotation  is  clockwise  looking  forward. 

•  Sprag-clutch  torque  capacity  must  be  7,590  ft-lb  (200 
percent)  minimum  based  on  a  contact  stress  of  450,000  psi. 

•  No  permanent  deformation  or  yield  of  shaft,  springs,  or 
cage  may  occur  at  11,386  ft-lb  (300  percent)  based  on  a 
contact  tact  stress  of  600,000  psi. 

•  No  structural  failure, overturning,  or  slippage  may  occur  at 
17,078  ft-lb  (450  percent). 

•  Outer-race  hoop  stress  may  not  exceed  71,200  psi  (Rc  36 
hardness  minimum)  at  a  torque  of  7,590  ft-lb  (200  percent) . 
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•  Combined  radial  deflection  of  inner  shaft,  outer  shaft, 
sprag  contacts,  and  sprag  may  not  exceed  80  percent  of  sprag 
total  cam  rise  for  torque  load  of  7,590  ft  ■'lb  (200  percent)  . 

•  The  clutch  shall  be  capable  of  continuous  operation  at  two- 
thirds  differential  overrun  (outer  race  at  7,667  rpm  and 
inner  race  at  11,500  rpm) .  Both  rotations  are  clockwise 
looking  at  input  end  of  outer  shaft. 

•  Sprags  must  be  made  from  M-50  steel  or  equivalent. 

•  Cages  must  be  fully  machined  and  hardened. 

•  Positive  lubrication  shall  be  provided  to  the  clutch  with 
oil  dams  to  keep  sprags  submerged  in  oil  during  operation. 
Oil  drains  must  be  included  in  the  outer  shaft  to  prevent 
sludging.  Total  oil  flow  is  not  required  to  pass  through 
adjacent  clutch  bearings. 

•  Clutch-shaft  material  must  be  XBMN-7-223  (Vasco)  carburized 
with  no  black  oxide  on  clutch  surface. 

•  Surface  finish  must  be  as  follows:  inner  and  outer  clutch- 
shaft  diameters,  8  to  16  RHR;  sprags,  4  to  8  RHR. 
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DESCRIPTION  OF  TEST  CLUTCHES 


ihree  clutch  configurations  were  given  a  preliminary  evaluation. 
These  designs  were  designated  as  clutch  designs  A,  B,  and  C 
and  are  shown  in  Figure  3.  As  a  result  of  these  preliminary 
tests,  Design  B  was  judged  to  have  the  best  performance.  The 
selected  configuration  was  then  optimized  to  eliminate  the 
discrepancies  which  occurred  during  the  preliminary  evaluation 
and  designated  as  optimized  Design  D.  Finally,  the  optimized 
Design  D  underwent  an  extensive  test  program  which  demon¬ 
strated  satisfactory  performance  in  meeting  HLH  design 
requirements . 


Design  A 

(Borg-Warner  X137661) 


Design  B 

(Borg-Warner  X137675) 
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Design  C 
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Figure  3.  HLH/ATC  Sprag-Clutch  Designs. 
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Design  A,  Borg-Warner  X137661,  is  a  two-row  sprag-clutch 
assembly  with  tandem  inner  and  outer  cages  incorporating  two 
inner  and  two  outer  drag  strips  and  a  central  energizing 
ribbon.  Design  A  is  shown  in  Figure  4. 

Design  B,  Borg-Warner  X137675,  is  a  two-row  sprag-clutch 
assembly  with  a  tandem  inner  and  outer  cage  incorporating  two 
outer  drag  strips  but  no  inner  drag  strip.  Silver-plated 
lands  on  the  inner  cage  pilot  closely  to  the  inner  shaft  and 
use  viscous  drag  to  actuate  the  cage.  Design  B  is  shown  in 
Figure  5. 

The  function  of  the  drag  strips  in  all  cases  is  to  create 
frictional  drag  between  the  sprag  assembly  and  the  adjacent 
inner  and/or  outer  races,  thereby  aiding  in  the  assembly  cage 
actuation . 

Design  C,  Formsprag  CL-41802,  consists  of  two  single-row  sprag- 
clutch  assemblies,  each  having  a  cage  and  two  garter  springs 
to  locate  and  actuate  the  sprags.  The  sprags  have  interlock¬ 
ing  surfaces  which  prevent  rollover  when  an  overload  condition 
occurs.  Figure  6  shows  Design  C. 

Optimized  Design  D,  Borg-Warner  X137920,  is  similar  uo  Design 
A  in  appearance  and  Design  B  in  configuration  except  for  opti¬ 
mization  to  eliminate  minor  discrepancies  which  occurred 
during  the  preliminary  evaluation.  The  design  consists  of  a 
two-row  sprag-clutch  assembly  with  a  tandem  inner  and  outer 
cage  incorporating  two  inner  and  two  outer  drag  strips. 
Silver-plated  lands  on  the  inner  cage  pilot  closely  to  the 
inner  shaft.  The  race-contact  surface  of  the  outer  drag 
strips  were  increased  to  minimize  wear.  Figure  7  shows  the 
Design  D  clutch  tested. 

Lubrication  to  the  clutch  designs  tested  was  provided  centrif- 
ugally  via  holes  drilled  through  the  inner  shaft  (race)  ,  shown 
in  Figure  8.  Figure  9  shows  the  outer  test  housing  within 
which  the  test  clutch  was  mounted. 

Figure  10  shows  the  final  HLH/ATC  sprag-clutch  design,  part 
301-10629 ,  and  Figure  11  shows  the  final  HLH/ATC  inner  clutch- 
shaft  design,  Boeing  part  301-10646,  resulting  from  this  pro¬ 
gram  for  incorporation  into  the  HLH/ATC  combiner  transmission. 
These  final  HLH/ATC  parts  are  identical  to  the  optimum  Design  D 
tested.  Figure  12,  an  excerpt  from  Boeing  drawing  301-10600, 
the  combiner-transmission  assembly,  is  also  included  to  show 
the  typical  arrangement  of  the  sprag  clutch  in  the  HLH 
transmission. 
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Figure  5. 


Design  B — Borg-Warner  X137675. 
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Figure  6.  Design  C — Formsprag  CL-41802. 
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Figure  7.  Optimized  Design  D — Borg-Warner  X137920. 
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Figure  8.  Shaft  Fatigue,  Static,  and  Override  Clutch  Test — 
Engineering  Drawing. 
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Figure  9.  Housing  Clutch  Test — Engineering  Drawing. 
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Inner  Clutch  Shaft  of  Combiner  Transmission-- 
Engineering  Drawing  (Sheet  1  of  2)  . 
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TEST  FACILITY 


DYNAMIC  TESTS 
Test  Stand 


The  test  stand  shown  in  Figures  13  and  14  consisted  of  two 
independently  controlled  speed  increasers  mounted  on  a  solid 
weldment.  The  output  shafts  of  the  speed  increasers  were 
aligned  to  within  0.010  inch  total  indicated  reading,  and  the 
specimen  mounting-pad  parallelism  was  maintained  within  0.010 
inch.  The  specimen  output  shaft  (clutch  inner  race)  was 
controlled  by  a  variable-speed  60-hp  dc  motor  driving  through 
an  overall  ratio  of  4.3125:1.  The  input  shaft  (clutch  outer 
race)  was  controlled  by  a  70-hp  hydraulic  motor,  powered  by  a 
100-hp  pump,  driving  through  a  ratio  of  7.59:1.  The  test- 
stand  gearboxes  were  lubricated  by  a  system  totally  inde¬ 
pendent  of  the  test-specimen  lubrication  system,  as  shown  in 
Figure  15.  The  cartridge  containing  the  test  clutch  could  be 
installed  between  the  two  speed  increasers  without  moving 
either  gearbox,  which  provided  for  rapid  removal  and  ensured 
constant  proper  alignment.  The  test  specimen  was  lubricated 
by  an  independent  lubrication  system  using  MIL-L-23699  oil. 

An  immersion  heater  maintained  a  constant  oil-in  temperature 
of  200°F.  Hot  oil  exited  from  the  specimen  cartridge  by 
gravity  flow  only. 

Instrumentation 


The  instrumentation  package  consisted  of  constant-view  monitor 
ing  devices.  The  monitored  data  included: 

•  Oil  flow  to  specimen 

•  Oil  flow  to  test-stand  gearboxes 

•  Oil  pressure  to  specimen 

•  Oil  pressure  to  specimen-support  bearings 

•  Oil  pressure  to  test-stand  gearboxes 

•  Oil  temperature  to  specimen 

•  Oil  temperature  from  specimen 

•  Oil  temperature  from  specimen-support  bearings 

•  Clutch  drag  torque 

•  Clutch  inner-race  speed 

•  Clutch  outer-race  speed 

•  Test-stand  gearbox  input  speed 

•  Drive-motor  speed 

•  Drive -motor  amperage 

Oil  temperatures  were  measured  using  iron-constantan  thermo¬ 
couples  in  the  scavenge  lines. 

Torque  was  measured  using  a  strain-gauged  necked-down  shaft 
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Figure  13.  Dynamic  Clutch-Test  Facility 


Figure  14.  Clutch-Test  Fixture  Variable-Speed  Overrun 
Subassembly., 
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attached  to  the  clutch  outer  race.  The  torque  was  transmitted 
through  an  Acurex  telemetry  system  and  displayed  on  a  digital 
voltmeter.  This  system  is  shown  in  Figures  16  and  17. 


110  VAC 


Figure  16.  Acurex  1206  Telemetric  Drag-Torque  Readout  System. 


STATIC  TEST 

Fatigue  and  static  torsional  loadings  of  the  clutch  were 
applied  by  a  hydraulic  rotary  actuator  with  a  stall  torque  of 
228,000  in. -lb  at  3,000  psi.  Maximum  rotation  was  100  degrees, 
controlled  by  a  limit  switch  which  actuated  a  servovalve  that 
dumped  the  load.  Figures  18  and  19  show  this  test  setup. 

The  actuator  was  controlled  by  an  electronic  closed-loop 
servocontrol  system.  Feedback  to  the  servosystem  was  supplied 
from  a  strain-gauge  torsion  bridge  through  a  torque  transducer. 
The  reacted  torque  from  the  clutch  was  measured  by  a  second 
strain-gauge  torque  bridge.  Before  testing,  both  bridges  were 
calibrated  to  120,000  in. -lb.  Steady  torque  levels  for  both 
the  fatigue  and  static-overload  tests  were  applied  by  the 
positioning  of  the  servocontroller  set-point  knob.  The  set- 
point  position  was  determined  from  the  torque -transducer 
output.  The  alternating  fatigue  load  about  the  steady  load 
was  applied  by  another  control  knob  on  the  servocontroller. 
Measurements  of  the  dynamic  fatigue  loads  were  monitored  on  a 
recording  oscillograph.  Static-overload  measurements  were  re¬ 
corded  on  a  strain  indicator  coupled  to  the  torque  transducer. 
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Figure  17.  Dynamic  Test-Specimen  Cartridge  and  Acurex  Telemetry  System. 
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TEST  PROCEDURE 


GENERAL 


Six  series  of  tests  were  conducted  as  follows : 

•  Full-speed  overrun  test 

•  Differential-speed  overrun  test 

•  Static  overload  test 

•  Nonrotating  cyclic-torque  slip  test 

•  Static  cyclic-torque  fatigue  test 

•  Differential-speed  override  50-hour  endurance  test 

Clutch  Designs  A,  B,  and  C  were  subjected  to  the  first  two 
tests;  Design  D  was  subjected  to  all  six  tests. 

MIL-L-2 33699  oil  was  used  throughout  all  testing. 
FULL-SPEED  OVERRUN  TEST 


The  objective  of  this  test  was  to  determine  the  optimum  clutch 
oil  flow  in  terms  of  heat  generation,  drag  torque,  and  compo¬ 
nent  wear.  The  following  test  data  was  monitored  and  recorded 
at  half-hour  intervals: 

•  Clutch-assembly  oil  temperature  in  .  °F,  ±2°F 

•  Clutch-assembly  oil  temperature  out  ....  °F,  ±2°F 

•  Clutch-assembly  oil  flow  .  gpm,  +0.1  gpm 

•  Clutch-assembly  oil  pressure  .  psi,  actual 

•  Clutch  drag  torque  . .  in. -lb,  ±10  in. -lb 

•  Output-shaft  speed  .  rpm,  ±50  rpm 

•  Input-shaft  speed  .  rpm,  ±50  rpm 

•  Time  of  day  .  hr  min,  actual 

•  Run  time  .  hr  min,  actual 

All  dynamic  overrun  testing  was  performed  with  the  input  shaft 
at  zero  speed  and  the  output  shaft  running  at  11,500  rpm.  Four 
successive  5-hour  tests  were  performed,  as  shown  in  Table  I. 


TABLE  I.  CONDITIONS  FOR  THE  FULL-SPEED 

OVERRUN  TEST 

Oil  Flow 

(percentage  of 

percentage  of 

Run 

original  design) 

final  design 

(gpm) 

1 

300 

150 

6 

2 

200 

100 

4 

3 

100 

50 

2 

4 

67 

33.5 

1.3 
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The  oil  temperature  into  the  clutch  was  maintained  at  200°F, 
±2°,  for  all  test  runs.  At  the  completion  of  each  5-hour  run, 
the  bearings ,  clutches ,  and  inner  and  outer  races  were  in¬ 
spected  for  any  discrepancies.  One  clutch  of  each  Designs  A, 
B,  C,  and  D  was  subjected  to  the  full-speed  overrun  test. 


DIFFERENTIAL -SPEED  OVERRUN  TEST 

The  objective  of  this  test  was  to  determine  the  maximum  heat 
rejection  and  drag  condition  resulting  from  the  combination  of 
rubbing  speed  and  the  effect  of  centrifugal  force  on  the  clutch 
sprags.  The  inner-  and  outer-race  speeds  were  maintained  as 
noted  in  Table  II. 


TABLE  II.  CONDITIONS  FOR  THE  DIFFERENTIAL-SPEED 

OVERRUN  TEST 

Output-Shaft  Speed 

Input-Shaft  Speed 

Percentage  of 

Run 

(rpm) 

(rpm) 

Normal  Rate 

1 

5,750 

50 

2 

7,705 

67 

3 

11,500 

8,625 

75 

During  this  test  the  oil  flow  for  clutch  Designs  A,  B,  and  C 
was  maintained  at  2  gpm,  representing  100  percent  of  the  orig¬ 
inal  design  oil  flow  to  the  clutch. 


Because  of  marginal  lubrication  which  occurred  later  during 
high-speed  disengagement  testing  of  Design  B,  the  design  oil 
flow  was  increased  from  the  original  design  value  of  2  gpm  to 
a  final  design  value  of  4  gpm.  Differential-speed  overrun 
testing  of  the  optimized  Design  D  (an  improvement  on  Design  B) 
was  accordingly  conducted  at  4  gpm  except  for  the  50 -hour  dif¬ 
ferential-speed  endurance  test  conducted  on  Design  D.  During 
this  test,  the  oil  flow  was  reduced  to  3  gpm,  representing  75 
percent  of  the  final  aircraft  transmission  design  oil  flow,  in 
order  to  determine  if  a  margin  of  lubricity  existed. 

The  same  test  data  was  monitored  and  recorded  as  in  the  full- 
speed  overrun  test  at  15-minute  intervals  until  the  oil-in 
temperature  stabilized  at  200°F,  ±2°F. 

At  the  completion  of  each  run,  the  clutch  and  clutch  shafts 
were  inspected  for  any  discrepancies.  The  condition  of  the 
test  specimens  dictated  if  the  succeeding  test  run  was  to  be 
performed. 
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STATIC  OVERLOAD  TEST 

The  objective  of  this  test  was  to  determine  the  ultimate 
capacity  of  the  clutch  and  the  mode  of  an  overload  failure. 
This  test  was  performed  on  the  selected  candidate  clutch  only, 
Design  D,  as  selected  from  the  results  of  the  previous  test. 

Static  torque  was  applied  in  the  following  increments: 

•  250  ft-lb  from  0  to  4,000  ft-lb 

•  500  ft-lb  from  4,000  to  8,000  ft-lb 

•  2,000  ft-lb  from  8,000  ft-lb  to  failure 

The  following  test  parameters  were  recorded  at  each  torque 
setting: 

•  Torque  .  ft-lb,  ±10  ft-lb 

•  Angular  displacement  .  degrees,  ±0.5  degrees 

•  Outer-shaft  deflection  over  each 

row  of  sprags--8  places  .  inches,  ±0.0005  inch 

•  Load  sharing  between  rows 

of  sprags  .  percent,  ±20  percent 

The  clutch,  inner  and  outer  races,  and  bearings  were  coated 
with  Mobil  28  (MIL-G-81322)  grease. 

The  load  distribution  or  sharing  characteristics  of  the  clutch 
was  determined  by  machining  a  groove  in  the  clutch  inner  race 
between  the  two  rows  of  sprags  and  installing  strain-gauge 
torque  bridges.  The  gauges  were  then  encapsulated  in  EC2216 
epoxy.  The  load-sharing  torsion  bridges  were  calibrated  in 
two  steps.  First,  one  row  of  sprags  was  removed  from  the 
clutch  and  27,750  in. -lb  of  torque  was  applied  in  increments 
of  5,550  in. -lb.  The  second  step  was  a  repeat  of  the  first 
step  with  only  the  second  row  of  sprags  installed.  The  inter¬ 
action  of  compressive  line  contact  strains  with  the  torsion 
bridge  was  measured  at  27,750  in. -lb. 


NON ROTATING  CYCLIC-TORQUE  SLIP  TEST 

The  objective  of  this  test  was  to  determine  the  cyclic  torque 
at  which  the  clutch  fails  to  reengage.  This  test  was  performed 
on  the  selected  candidate  clutch  only,  Design  D. 

A  steady  torque  of  45,540  in. -lb  and  an  alternating  load  of 
±4,560  in. -lb  were  applied.  The  alternating  torque  was  in¬ 
creased  in  increments  of  ±3,000  in. -lb  and  run  for  5  minutes 
at  each  setting  or  until  the  clutch  began  to  slip. 

* 

The  following  data  was  monitored  and  recorded  at  each  load 
level : 
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•  Static  torque  load  .... 

•  Alternating  torque  load 

•  Angular  displacement  . . 


in. -lb,  ±120  in. -lb 
in. -lb,  ±600  in. -lb 
degrees,  ±5  degrees 


STATIC  CYCLIC-TORQUE  FATIGUE  TEST 


The  objective  of  this  test  was  to  determine  the  fatigue  char¬ 
acteristics  of  the  clutch.  This  test  was  performed  on  clutch 
Design  D  only. 

A  static  torque  of  91,000  in. -lb  and  an  alternating  torque  of 
±13,600  in. -lb  were  applied.  The  test  was  to  run  for  10  mil¬ 
lion  cycles  or  until  failure.  The  following  data  was  recorded 
in  500,000-cycle  increments: 

•  Torque  loading  .  in. -lb,  ±120  in. -lb 

•  Number  of  cycles  .  ±1,000  cycles 

•  Angular  displacement  .  degrees,  ±5.0  degrees 


50-HQUR  DIFFERENTIAL-SPEED  ENDURANCE  TEST 

The  objective  of  this  test  was  to  determine  the  ability  of  the 
clutch  to  function  properly  under  adverse  flight  conditions 
for  a  sustained  period  of  time,  to  determine  the  wear  charac¬ 
teristics  and  reliability,  and  to  aid  in  the  eventual  estab¬ 
lishment  of  a  life  cycle  of  the  clutch.  This  test  was 
performed  on  the  selected  candidate  clutch  only. 

Data  monitored  was  the  same  as  that  for  the  full-speed  over¬ 
run  test  and  was  recorded  at  half-hour  intervals. 

Modifications  to  each  clutch  design  and  test  reruns  were  made 
in  accordance  with  Boeing  Vertol  test-plan  document  D301- 
10118-1  and  were  determined  by  the  condition  of  the  clutch  and 
clutch  races  at  the  completion  of  the  previous  runs . 
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TEST  DISCUSSION  AND  RESULTS 


INITIAL  CHECKOUT  OF  FIXTURE 

The  specimen  clutch  was  housed  between  two  tapered-roller 
bearings.  During  the  initial  assembly  of  the  test-specimen 
cartridge,  the  bearings  were  installed  with  0.005  to  0.001 
inch  of  axial  float.  At  the  completion  of  a  pretest  run  it 
was  noted  that  there  was  light  circumferential  scoring  on  the 
tapered  rollers  and  at  the  completion  of  the  first  5-hour  run, 
the  bearing  cage  had  failed  as  shown  in  Figures  20  and  21. 
Analysis  of  the  failure  indicated  it  was  the  result  of  the 
axial  float  and  marginal  lubrication.  The  assembly  was  modi¬ 
fied  to  allow  a  greater  oil  flow  through  the  bearings.  The 
axial  float  was  eliminated,  and  the  bearings  were  preloaded 
from  1  to  5  in. -lb  of  running  torque.  In  addition  to  these 
steps,  the  bearing  cages  were  glass  peened  and  silver  plated 
to  increase  their  marginal  lubrication  capability.  No  further 
difficulties  were  experienced  with  the  tapered-roller  bearings. 


DETERMINATION  OF  OPTIMUM  DESIGN 
DESIGN  A  CLUTCH  (BORG-WARNER  X137661) 

Full-Speed  Test  Run 

Run  1  (6  gpm)  of  the  full-speed  overrun  test  was  successfully 
completed  with  wear  of  0.005  to  0.002  inch  noted  on  the  out¬ 
side  diameter  of  the  outer  drag  strips  in  the  area  of  contact 
with  the  clutch  outer  race.  Inspection  at  the  end  of  run  2 
(4  gpm)  revealed  wear  of  0.008  inch  on  the  bend  radii  of  the 
inner  drag  strips  where  they  made  contact  with  the  clutch 
inner  cage  (Figure  22)  .  There  had  been  very  litter  experi¬ 
ence  with  wear  in  this  area  on  clutches  currently  in  service 
with  similar  configurations.  As  a  result  of  the  excessive 
wear,  the  inner  drag  strips  were  replaced  with  lower  spring- 
rate  strips.  The  clutch  was  then  subjected  to  30  minutes  at 
6  gpm  and  5  hours  at  4  gpm  flow.  Inspection  after  this  run 
showed  no  signs  of  wear.  The  clutch  then  completed  run  3 
(2  gpm)  and  run  4  (1.3  gpm)  of  the  full-speed  overrun  tests 
with  no  signs  of  distress.  Drag-strip  wear  was  within  the 
acceptable  limits  of  0  to  0.0005  inch  as  determined  by  final 
inspection. 

Differential  Overspeed  Test 

This  testing  was  conducted  at  2  gpm  which  represents  100  per¬ 
cent  of  the  original  design  oil  flow  to  the  clutch.  Testing 
on  Design  A  clutch  was  terminated  upon  completion  of  run  1  of 
the  differential-speed  overrun  test  when  it  was  noted  that  the 
sprags  were  scuffed  at  the  inner-race  contact  and  the  clutch 
inner  race  exhibited  at  0.0016-inch  wear  step  (Figure  23)  . 
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BEARING  CAGE 


TAPERED-ROLLER  BEARING  ASSEMBLY 


Figure  20.  Cracking  of  Tapered-Roller  Bearing. 
Initial  Assembly. 
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CIRCUMFERENTIAL  SCORING  AND  EDGE  LOADING  ON  ROLLER 


EVIDENCE  OF  ROLLER  SKIDDING  ON  INNER  RACE 


Figure  21 


Surface  Damage  of  Tapered-Roller  Bearing 
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INNER  RACE— 0.0016-IN.  WEAR  STEP 


SPRAG — SCUFFED 


Figure  23.  Design  A  Components  After  50-Percent 
Differential-Speed  Overrun  Test. 


41 


A  test  summary  is  shown  in  Table  III.  Inspection  of  the  inner- 
drag-strip  showed  that  wear  was  considerably  reduced.  Sprag 
scuffing  is  believed  to  be  the  result  of  a  very  high  rubbing 
force  on  the  inner  race  as  exhibited  by  the  high  heat-rejection 
rate  and  high  drag  torque  shown  in  Figures  24  through  27. 


DESIGN  B  (BORG-WARNER  X137675) 

Full  and  Differential  Speed  Tests 

As  originally  received,  Design  B  contained  sprags  having  the 
same  strut  angle  as  Design  A.  Since  the  results  of  the  pre¬ 
vious  test  (Design  A)  indicated  that  the  rubbing  force  was  too 
high,  sprags  with  a  lower  center-of-gravity  offset  were  in¬ 
stalled  before  starting  tests  on  this  design.  This  clutch 
successfully  completed  all  full  and  differential  overrun  tests, 
as  shown  in  Table  III . 

Additional  Nonscheduled  Testing 

The  completion  of  this  testing,  an  additional  test  at  2  gpm 
was  performed  to  determine  if  the  clutch  would  become  centrif- 
ugally  disengaged  at  high  speed  due  to  the  low  center-of-gravity 
offset  sprags.  Disengagements  and  re-engagements  were  success¬ 
fully  accomplished  at  speeds  from  7,600  to  9,500  rpm.  Due  to 
greater  rubbing  forces  at  higher  speeds  and  the  fact  that  there 
were  no  provisions  for  the  application  of  an  external  force  to 
initiate  the  disengagement,  slippage  could  not  be  induced  at 
speeds  above  9,500  rpm.  'inspection  at  the  completion  of  this 
test  revealed  a  0.0005-inch  wear  step  on  the  inner  race  under 
one  row  of  sprags  only,  shown  in  Figure  28;  there  were  no  ap¬ 
parent  discrepancies  on  the  second  row  of  sprags.  A  dimensional 
inspection  of  the  clutch  by  the  manufacturer  indicated  that 
there  was  no  geometric  or  metallurgical  discrepancy  apparent  on 
the  sprags,  and  that  th  light  scoring  under  one  row  of  sprags 
could  possibly  be  attributed  to  foreign  debris  and/or  slightly 
marginal  lubrication. 

The  marginal  oil  was  attributed  to  the  adjacent  oil  retainer 
(ST40869-2)  with  the  ID  being  larger  than  the  clutch  shaft 
(ST40872-1)  inner  race  OD  (Figure  10) .  This  oil  retainer  to 
shaft  clearance  was  necessary  to  allow  assembly  and  disassembly 
operations.  Ideally,  the  clearance  between  the  oil  retainer 
and  shaft  should  be  small  enough  to  keep  sufficient  oil  in  the 
clutch  area.  However,  optimum  clearances  could  not  be  obtained 
in  that  dam,  since , reducing  the  clearances  would  have  meant 
damaging  the  clutch  inner-race  on  assembly.  The  alternative 
of  this  solution  was  to  increase  the  amount  of  oil  flow  to  the 
clutch  from  the  original  design  val  le  of  2  gpm  to  4  gpm  which 
was  the  final  design  value  of  oil  flow  to  the  clutch. 

Of  the  three  designs  tested,  Design  B  exhibited  the  best  per¬ 
formance  as  is  evidenced  by  the  drag  torque  and  heat  rejection 
rates  shown  in  Figures  24  through  27. 
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TABLE  III.  SUMMARY  OF  OPTIMISATION  TESTING 
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Installed  new  clutches  with  lower  center-of-gravity  offset  sprags 
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Figure  24.  Heat  Rejection  Versus  Oil  Flow  at  100-Percent 
Overrunning. 


Figure  25.  Drag  Torque  Versus  Oil  Flow  at  100-Percent 
Overrunning. 


44 


Speed  (rpm) 


5 


130 

120 


110 


100 


90 


a 

i 

c 

•H 


80 

70 


<D 

P 

tr 

u 

o 


60 

50 


40 

30 

20 


10 


Legend 


o 

□ 

A 

O 

0 


Design  A, 
Design  B, 
Design  C, 
Design  D, 
Design  C, 


gpm 

gpm 

gpm 

gpm 


A 


Low  Center-  /  \  a 

Of-Gravifv/  Y 

I 
I 


of-Gravity/ 
Offset 


Sprags 


/ 


/ 


d 


FQ 

(Design  A)  ' 


\ 

\ 

^  \ 
s 


s' 


V 

A 

'k 

1^ 


\ 


S/ 


\  / 
\ 


i 


Run  Sequence : 

100%,  50%,  67%,  and  75% 
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Figure  27.  Drag  Torque  Versus  Differential  Speed. 
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Figure  26.  Design  B  Clutch  Shaft  Exhibiting  0.0016-Inch 
Wear  on  Inner  Race  After  Disengagement  Test. 


DESIGN  C  (FORMSPRAG  CL-41802) 

Full  and  Differential  Speed  Overrunning  Tests 

Design  C  successfully  completed  all  of  the  full  overrun  and 
runs  1  and  2  of  the  differential-speed  overrun  tests ,  as 
indicated  in  Table  III .  At  the  completion  of  the  third 
differential-speed  overrun  test,  the  clutch  inner  race  was 
severely  scored,  with  0.0045  inch  of  wear  step  and  the  inside 
diameter  of  the  sprags  was  scuffed  (Figure  29) .  The  distress 
on  the  clutch  and  inner  race  is  indicative  of  high  rubbing 
forces.  Testing  on  this  configuration  was  terminated  and  a 
new  set  of  clutches  incorporating  standard  garter  springs  and 
sprags  with  a  lower  center-of-gravity  offset  were  installed. 
Run  3,  the  75-percent  differential-speed  overrun  test,  was 
again  performed.  Inspection  at  the  completion  of  this  test 
revealed  light  polishing  of  the  inner  race;  however,  there  was 
no  measurable  wear  or  sprag  distress  (Figure  30)  . 

Additional  Testing 

A  test  to  determine  if  the  clutch  would  become  centrifugally 
disengaged  was  performed  at  input  shaft  speeds  from  6,800  to 
11,500  rpm.  The  clutch  did  not  disengage;  however,  during  a 
routine  test-stand  shut  down,  it  was  noted  that  at  approxi¬ 
mately  860  rpm  input  speed,  the  clutch  slipped  and  then  re¬ 
engaged  at  about  470  rpm.  Two  additional  shutdowns  were 
effected  with  the  same  results;  however,  at  the  completion  of 
the  high-speed  disengagement  test ,  this  phenomenon  did  not 
occur.  Before  removal  at  the  completion  of  the  high-speed 
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INNER  RACE — 0.0045-IN.  WEAR  STEP 


4 


SPRAG— SCUFFED 


Figure  29.  Design  C  Components  After  75-Percent  Differential- 
Speed  Overrun  Test. 


Figure  30.  Design  C  Inner  Race  After  Differential-Speed  Test 
With  Low  Center-of-Gravity  Offset  Sprags. 
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disengagement  test,  data  was  recorded  at  50,  67,  and  75  percent 
differential  speeds  with  the  reconfigured  clutch. 

Design  C  exhibited  a  high  heat-rejection  rate  during  the  full- 
speed  overrun  and  the  differential-speed  overrun  tests  (Figures 
24  through  27).  Ch;  ging  to  the  low  center-of-gravi ty  offset 
sprags  reduced  the  heat-rejection  rate  at  50  to  67  percent 
differential  speed,  but  at  75  percent  the  rate  was  slightly 
higher . 

Figure  31  summarizes  the  evaluation  testing  conducted  on  clutch 
Designs  A,  B,  and  C,  and  Figure  32  shows  the  test  clutches  to¬ 
gether  with  the  inner-race  shafts  at  completion  of  these  tests. 


TESTING  OF  OPTIMIZED  DESIGN  D 

Full  d  Differential  Speed  Overrunning 

The  c  "’'mum  Design  D  (Borg-Warner  X137920)  ,  which  is  similar  to 
Design  b  (Borg-Warner  X137675)  ,  except  for  the  addition  of 
.L.iner  drag  at  strips  as  included  in  Design  A  (X137661)  ,  was 
configured  after  analysis  of  the  data  from  the  previously 
osted  clutches  and  consideration  of  the  HLH  aircraft  require¬ 
ments.  The  best  features  of  each  clutch  with  modifications  and 
additions  as  required  were  incorporated  into  Design  D.  The 
bend  radii  of  the  inner  and  outer  drag  strips  were  increased 
to  improve  the  wear  characteristics  in  this  area.  The  flat¬ 
tened  bend  radii  showed  no  measurable  wear  at  the  completion 
of  the  50-hour  endurance  test,  as  shown  in  Figures  33  and  34. 
Design  D  successfully  completed  the  entire  series  of  the  full- 
and  differential-speed  overrun  tests  of  Table  III.  The 
differential-speed  overrun  tests  were  run  with  a  4-gpm  oil 
flow  in  accordance  with  the  conclusions  reached  during  the  dis¬ 
engagement  testing  of  clutch  B  which  showed  lower  oil  flows  to 
be  marginal.  This  represents  100-percent  of  the  final  design 
oil  flow  to  the  clutch.  No  discrepancies  were  noted  through¬ 
out  the  entire  test  series. 

The  heat-rejection  rate  and  the  magnitude  of  the  drag  torque 
of  Design  D  in  comparison  with  the  other  clutches  tested  are 
shown  in  Figures  24  through  27. 

Endurance  Testing 

A  50-hour  75-percent  differential-speed  endurance  test  with  a 
3  gpm  oil  flow  was  conducted  on  this  clutch.  An  oil  flow  rate 
of  3  gpm  was  chosen  in  lieu  of  the  final  design  oil  pump  output 
of  4  gpm  in  order  to  evaluate  and  determine  if  there  is  a  suf¬ 
ficient  margin  of  lubrication.  At  the  completion  of  the  en¬ 
durance  test,  inspection  of  the  clutch  revealed: 
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Figure  31.  Summary  of  Clutch-Evaluation  Testing. 
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Figure  32.  Clutches  and  Inner-Face  Shafts  After  Fvaluation  Testing. 


Figure  34.  Design  D  Outer  Drag  Strip  Showing  No  Wear 
After  50-Hour  Endurance  Test. 
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•  A  0.0002-inch  wear  path  on  the  inside  diameter  of  the  sprags 

•  Several  breaks  in  the  energizing  ribbons  (Figures  35  and  36) 

•  No  wear  on  the  clutch  inner  race  (Figure  37) 

The  indexing  of  the  energizing  ribbons  and  inner  and  outer  cage 
pockets  was  checked  and  found  to  be  within  tolerance.  The  en¬ 
ergizing  ribbon  radii  were  checked  and  found  to  be  slightly 
iregular . 

Static  Testing 

In  addition  to  the  dynamic  testing  performed  on  the  candidate 
clutch,  Design  D,  the  following  tests  were  performed.  For  the 
nonrotating  cyclic-torque  slip  test,  the  clutch  assembly  and 
bearings  were  packed  in  MIL-G-81322  grease.  During  the  initial 
loading  and  instrumentation  systems  checkout  with  a  static  load 
of  45,540  in. -lb  and  an  alternating  load  of  ±4,560  in. -lb 
applied,  slippage  occurred  immediately.  The  loads  were  in¬ 
creased  to  91,000,  in. -lb  ±9,000  in. -lb,  and  slippage  contin¬ 
ued  to  be  excessive.  The  clutch  assembly  was  removed,  disas¬ 
sembled,  and  degreased;  inspection  revealed  no  discrepancies. 
The  test  cartridge  was  reassembled  using  the  same  parts  but 
using  MIL-L-7808  oil  as  a  lubricant.  The  slippage  rate  had 
improved  but  not  to  the  point  of  satisfaction,  and  a  second 
disassembly  and  inspection  was  performed;  no  significant  wear 
was  apparent.  A  new  clutch  and  inner  race  were  assembled  and 
reinstalled  in  the  test  stand.  The  new  assembly  was  lubricated 
with  MIL-L-7808  oil.  Retesting  showed  that  the  slip  rate  had 
decreased  over  the  previous  clutch  assemblies  (Figure  38) . 

A  frequency  sweep  from  10  Hz  to  30  Hz  with  91,000  in. -lb  steady 
and  ±9,000  in. -lb  alternating  torque  applied  was  performed  to 
determine  if  a  resonant  condition  existed,  thereby  causing  the 
slippage.  No  angular  displacement  between  the  inner  and  outer 
races  was  indicated.  There  was  no  amplitude  or  phase  shifts 
throughout  the  entire  sweep  indicating  that  no  detrimental 
resonance  was  present  within  the  limits  checked. 

Because  Design  D  was  not  available  for  test  at  this  time  and 
the  geometric  configuration  of  the  cages,  sprags,  energizing 
ribbons,  and  drag  strips  of  clutch  Design  A  were  similar  to 
those  ordered  for  Design  D,  all  of  the  above  static  testing 
was  performed  on  Design  A. 

At  this  point  it  was  decided  to  hold  the  nonrotating  cyclic- 
torque  slip  test  in  abeyance  until  Design  D  was  received  and 
to  proceed  to  the  nonrotating  cyclic-torque  fatigue  test.  This 
test  was  performed  with  a  steady  load  of  91,000  in. -lb  and  an 
alternating  torque  of  ±13,600  in. -lb  applied  to  Design  A.  It 
was  noted  that  the  slip  rate  decreased  as  the  cyclic  count  in¬ 
creased  beyond  250,000.  At  500,000  cycles,  slippage  stopped 
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After  50-Hour  Endurance  Testing 


Degrees  of  Slip/5  Minutes  Run  at  20  Hz 


Figure  37.  Design  D  Inner  Race,  Showing  No  Wear 
After  50-Hour  Endurance  Test. 


Figure  38.  Results  of  Slip  Test. 
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Slip  (deg/min) 


(Figure  39) .  The  clutch  completed  10  million  cycles  with  no 
further  slippage  and  no  indication  of  distress. 

Without  the  benefit  of  a  post-fatigue-test  teardown  and  inspec¬ 
tion,  the  nonrotating  slippage  test  was  performed.  A  steady 
load  of  45,500  in. -lb  and  an  alternating  load  of  ±3,000  in. -lb 
was  applied.  The  alternating  load  was  increased  in  increments 
of  3,000  in. -lb.  The  clutch  assembly  was  then  subjected  to  a 
5-minute  test  at  each  incremental  load  level.  At  the  ±18,000 
in. -lb  alternating  load  level,  the  clutch  began  to  slip  at  the 
rate  of  6  deg/min.  Inspection  at  the  completion  of  testing 
revealed  several  fatigue-induced  cracks  emanating  from  the 
sharp  pocket  radii  of  both  the  inner  and  outer  clutch  cages. 
There  was  light  fretting  on  the  sprag  contact  area  and  pro¬ 
nounced  fretting  on  approximately  180  degrees  of  the  silver- 
plated  pilot  surface  of  the  inner  cage  (Figures  40  through  44)  . 


Figure  39.  Results  of  the  Nonrotating  Cyclic-Torque 
Fatigue  Test. 
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40.  Design  A  Cage  Damage  From  Fatigue  Testing. 
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Figure  41.  Clutch-Shaft  Fatigue  Damage. 
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Figure  42.  Clutch-Housing  Fatigue  Damage. 


Figure  43.  Cracks  on  Outer  Cage  Afte 
Torque  Fatigue  Test — Asse: 
Design  u. 
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Figure  44. 


Cracks  on  Inner  Cage  After  Nonrotating  Cyclic- 
Torque  ^atigue  Test — Assembly  Similar  to 
Design  u. 
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STATIC  OVERLOAD  TEST 


This  test  was  conducted  on  optimum  clutch  Design  D  only.  The 
purpose  of  the  test  was  to  determine  the  clutch  ultimate  capac¬ 
ity.  Static  torque  in  the  following  increments  was  applied  to 
the  clutch  by  means  of  the  test  used  in  the  previously  de¬ 
scribed  fatigue  tests  (Figure  18) : 

•  250  ft-lb  from  0  to  4,000  ft-lb 

•  500  ft-lb  from  4,000  to  8,000  ft-lb 

•  2,000  ft-lb  from  8,000  ft-lb  to  failure 

Failure  was  defined  as  roll  over,  slippage,  or  component  frac¬ 
ture.  Testing  on  one  assembly  only  was  conducted.  All  clutch 
parts  including  bearings  were  coated  with  grease  (MIL-G-81322) . 

The  following  data  was  recorded  at  each  torque  setting: 

Torque  .  ft-lb,  ±10  ft-lb 

V-mlar  displacement  .  degrees,  ±0.5  degree 

Outer-shaft  deflection 

over  each  row  of  sprags  - 

8  places  total  .  inches,  ±0.0005  inch 

Load  sharing  between 

rows  of  sprags  .  percent,  ±20  percent 

All  parts  tested  were  used  in  previous  overrunning  and  fatigue 
tests.  All  buildups  for  the  static  overload  testing  had  less 
than  0.001-inch  end-floating  clearance.  Subsequent  teardowns 
revealed  no  change  in  this  end  clearance. 

The  load-sharing  strain-gauged  shaft  (torsion  bridge)  ,  Figure 
45,  was  calibrated  in  two  steps.  In  step  1,  only  clutch  row  1 
was  installed  in  the  buildup.  See  Figure  46  for  row  1  location. 
Torque  calibration,  presented  in  Table  IV,  was  done  to  50  per¬ 
cent  normal  flight  loading.  In  step  2,  clutch  row  1  was  re¬ 
moved  and  clutch  row  2  was  installed  in  the  buildup. 

Interaction  data  of  row-2  compressive  line  contact  strains 
interacting  with  the  torsion  gauges  was  also  collected  to  50 
percent  normal  flight  load,  as  shown  in  Table  V. 

The  load-sharing  test  was  done  at  50  percent  normal  flight 
load.  See  Table  VI  for  this  data.  Figures  47  and  48  are 
plots  of  the  load-sharing  data. 

At  various  torque  increments,  while  increasing  torque  to  reach 
ultimate  clutch  failure,  housing  radial-deflection  measurements 
were  made  across  each  row  of  sprags  at  four  diameter  locations 
spaced  45  degree  apart.  See  Table  VII  for  this  data.  Failure 
occurred  at  a  torque  level  of  206,900  in. -lb  or  17,240  ft-lb, 
which  is  equivalent  to  468  percent  of  one-engine  design  torque. 
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Figure  45.  Instrumentation  for  Sprag-Clutch  Load-Sharing 
Static  Test. 
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Figure  46.  Load-Sharing  Measurement  Scheme. 


TABLE 

IV.  LOAD-SHARING  CAL IB RAT ION --DOW  1 

.  ONLY 

mm 

Torque 

(in. -lb  x  10-3) 

Bridge  Strain 

in. 

Bridge  T-l 

Bridge  T-2 

5.55 

102 

92 

11.10 

200 

182 

i 

16.65 

298 

279 

22.20 

396 

368 

27.75 

504 

472 

5.55 

98 

89 

11.10 

204 

182 

2 

16.65 

304 

278 

22.20 

401 

376 

27.75 

494 

482 

5.55 

103 

79 

11.10 

208 

165 

3 

16.65 

413 

257 

22.20 

421 

348 

27.75 

533 

445 

5.55 

09 

11.10 

207 

4 

16.65 

307 

;  ■ 

22.20 

397 

27.75 

494 

♦Any  random  position 

Preceding  page  blank 


67 


68 


100-Percent  Torque 
to  Row  2 

^4  - 


-Shared  Loading 


15-  « 

3 

0* 

u 


100 -Percent  Torque 
to  Row  1 


Bridge  Output  (  u  in. ) 

in. 


Figure  47.  Results  of  Load-Sharing  Clutch  Test — 
T-l  Torque  Bridge. 
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The  failure  was  sprag  rollover.  All  sprag  preload  spring  tabs 
but  one  were  broken  off.  Also,  several  sprags  had  sheared 
"coffin  corner"  edges.  Shaft  and  housing  showed  some  brinel- 
ling.  Unaided  visual  examination  of  the  inner  and  outer  cages 
revealed  no  damage  (Figure  49)  . 


INNER  RACE 


I 


SPRAGS  AND  ENERGIZING  RIBBON 


Figure  49.  Design  D  Components  After  Static  Overload  Test. 
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Table  VIII  shows  the  results  of  the  load-sharing  test  and  in¬ 
dicates  that  on  the  average,  each  row  carries  approximately 
50  percent  of  the  torque. 


TABLE  VIII.  SUMMARY  OF  LOAD-SHARING  TEST  RESULTS 


Torque  Through  Row  l*3  (pet) 
Position3  Torque  Bridge  1  Torque  Bridge  2 


61.4  56.3 


2  49.8  47.9 


3  53.7  44.3 


43.2  46.5 


Average 

52.0 

48.8 

aAny  random  position 

^In  the  assembled  position,  row  1  is  the 
row,  looking  from  the  engine  end. 

first  sprag-clutch 

CLUTCH  ANALYSIS 


The  optimum  test  clutch,  Design  D  (Borg-Warner  X137920)  ,  and 
the  HLH  aircraft  clutch  (301-10629)  have  been  analyzed  by  the 
methods  presented  in  the  appendix.  Geometrical  data  required 
for  the  analysis  was  taken  from  the  appropriate  clutch  raceway 
and  sprag  drawings  and  is  presented  in  Table  IX.  Although  the 
data  was  taken  from  the  X137920-S  aircraft  sprag  drawing,  the 
X133366  test-clutch  sprag  is  identical  with  respect  to  those 
dimensions  used  in  the  analysis.  For  analysis  purposes,  nominal 
values  of  all  dimensions  have  been  used.  Note  that  the  test 
and  aircraft  clutch  configurations  are  identical  with  the  ex¬ 
ception  of  the  outer-race  thickness. 

The  results  are  presented  in  Figures  50  through  53.  The  curves 
extend  to  100  percent  cam  rise,  which  indicates  failure  by 
sprag  rollover.  Table  X  presents  the  results  as  compared  to 
the  design  criteria.  The  expected  rollover  torque  for  the  air¬ 
craft  clutch  based  on  the  test  is  also  shown.  Although  this  is 
slightly  less  than  450  percent  torque,  a  problem  with  the  air¬ 
craft  clutch  is  not  expected  since  the  drive  system  ultimate 
torque  is  equivalent  to  225  percent.  Also,  the  outer-race  hoop 
stress  in  the  aircraft  clutch  is  3.5  percent  above  the  criteria 
at  200  percent  torque.  However,  since  the  test  clutch  com¬ 
pleted  10  million  cycles  during  the  fatigue  test  at  a  torque 
level  equivalent  to  206  percent,  ±30.8  percent  of  aircraft 
single-engine  torque  without  indication  of  outer  race  distress, 
and  since  the  aircraft  clutch  operating  condition  is  equivalent 
to  100  percent,  ±12  percent,  of  single-engine  torque,  the 
slightly  higher  calculated  hoop  stress  does  not  indicate  an 
objectionable  condition.  Note  also  that  at  clutch  rollover, 
the  outer-race  hoop  stress  is  less  than  the  race  ultimate 
tensile  strength. 
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TABLE  IX .  CLUTCH 

GEOMETRY 

Item 

Design  D 

HLH  Clutch 

Inner-Race  Part  Number 

ST40872 

301-10629 

Outer-Race  Part  Number 

ST40870 

301-10650 

Sprag  Part  Number 

X133366 

X137920-S 

Inner-Race  Radius  (Ri) ,  in. 

2.2545 

2.2545 

Outer-Race  Radius  (Ro)  ,  in. 

2.7535 

2.7535 

Sprag  Inner-Cam  Radius  (ri) ,  in. 

0.265 

0.265 

Sprag  Outer-Cam  Radius  (ro) ,  in. 

0.278 

0.278 

Number  of  Sprags 

34 

34 

Sprag  length  (L) ,  in.* 

1.654 

1.654 

Effective  Sprag  Length  (Le) ,  in.* 

1.74 

1.74 

Inner-Race  Thickness  (ti) ,  in. 

0.695 

0.695 

Outer-Race  Thickness  (to) ,  in. 

0.758 

0.687 

1 

Sprag  Thickness  (ts)  ,  in. 

0.212 

0.212 

Available  Cam  Rise,  in. 

0.0235 

0.0235 

Eccentricity  (e)  ,  in. 

0.0485 

0.0485 

Eccentricity  Angle  (0) ,  deg 

50.60 

50.60 

♦Total  of  both  rows 
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Figure  50.  Inner- Race  Contact  Stress  Versus  Clutch  Torque 
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Figure  52.  Inner-Race  Strut  Angle  Versus  Clutch  Torque 


100 
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TABLE  X.  COMPARISON  OF  DESIGN  D  AND  AIRCRAFT  CLUTCH 
PARAMETERS  WITH  DESIGN  CRITERIA 


Parameter 

Design 

Criteria 

Design  D 

HLH  Clutch 

Contact  Stress  at 

200  Percent  of 
Torque,  psi 

<  450,000 

435,000 

433,000 

Contact  Stress  at 

300  Percent  of 
Torque,  psi 

£  600,000 

510,000 

504,000 

No  Failure 
(Rollover)  , 
pet  of  torque 

>  450 

489? 

469b 

466c 

447C 

Outer-Race  Hoop 
Stress  at  200  Per¬ 
cent  of  Torque,  psi 

<  71,200 

68,400 

73,600 

Cam  Rise  at  200 
Percent  of 

Torque,  pet 

<  80 

49.8 

51.7 

Calculated  bTest 

cEstimated  from  test 
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CONCLUSIONS 


The  three  clutch  designs  evaluated  successfully  met  all  of  the 
technical  requirements  of  the  dynamic  tests  with  the  aid  of 
alternative  parts.  The  clutch  design  and  manufacturer  were 
therefore  selected  on  the  basis  of: 

•  Cost 

•  Engineering  cooperation  between  vendor  and  purchaser 

The  clutch  selected  as  the  optimum  configuration  was  manufac¬ 
tured  by  the  Borg-Warner  Company.  It  successfully  passed  all 
tests  and  met  all  design  criteria. 

The  few  minor  discrepancies  found  will  be  eliminated  by  more 
stringent  manufacturing  processes  and  better  quality-control 
methods . 
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APPENDIX 

SPRAG-CLUTCH  ANALYSIS 


The  objective  of  this  analysis  is  to  determine  the  following 
items  as  functions  of  torque:  strut  angles,  contact  stresses, 
race-hoop  stresses,  and  cam  rise.  In  the  following  paragraphs 
the  pertinent  equations  are  derived  and  the  method  of  solution 
is  outlined. 

SPRAG  GEOMETRY 


The  basic  sprag  geometry  is  shown  in  Figure  54. 


OUTER 

RACE 


By  definition,  h  =  RQ  -  R^.  By  law  of  cosines, 
COS  0 


(Ri  +  r^)2  +  (R0  -  rQ)2  -  e2 


2(Ri  +  r.)(R0  -  rQ) 

2  2  2 
(R.  +  r.)  +  (R„  -  r)  -  e 


_  0_0-l  i  '  o  o 

6  C0S  2  (Rj^  +  ri)  (R0  -  rQ) 

e  COS  (9  +  y) 


SIN  e  = 


TAN  aQ  = 


Ri  +  ri 


Ri  SIN  e 
R0  -  ri  COS  8 
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,  Ri  SIN  3 

aQ  =  TAN  r— I"r7  cos  3 

By  law  of  sines 

R0  ^0  Ri  ^ 

SIN  ( 7T  -  aL)  =  SIN  ai  =  SIN  aQ  ”  SIN  3 

ai  =  SIN-1  SIN  aQ  =  a0  +  3 

Ri 


d  = 


SIN  3  =  Rq  SIN  3 

SIN  aQ  SIN  ai 


For  a  given  sprag  (ri,  rQ,  e)  and  race  (Rc,  Ri)  design,  the 
strut  angles  at  engagement  can  be  determined.  If  the  change 
in  the  above  parameters  with  torque  can  be  defined,  the  strut 
angles  can  also  be  determined  as  a  function  of  torque. 

INNER-RACE  DEFLECTION 


For  a  thick  cylinder  under  uniform  external  pressure, 
R; 


&  .  =  p  .  i 
6oi  pi 


2Rj  -  2Rjtl  +  tj  _  v 


2Riti  -  t l 


The  sprag  loads  can  be  converted  to  an  equivalent  pressure  by 


Frj  N 


_  _  N  __  Q 
Pi  ”  2rrRiLe  "  2irRiLe  X  NRi  TAN  ai  “  R^ 


TAN  ai 


6  .  =  Q _ 

01  2?TELeRi  TAN  ai 


2Ri  -  2Riti  +  t\ 

2Riti  -  ti 


-  v 


For  steel,  E  =  29  x  10°  psi;  v  =  .32. 


.  _  . 549xl0~8  Q 
01  RiLe  TAN  ai 


2R?  -  2Riti  +  tf 
2Riti  "  t? 


-.32 
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Defining  A  = 


.549  x  10-8 


2R?  -  2R;  t-j  +  tf 
- i - 1  1  *  1  -.32 

2Riti  " 


A 


Q 

TAN  ai 


OUTER-RACE  DEFLECTION 

For  a  thick  cylinder  under  uniform  internal  pressure, 

2Rq  +  2^0  +  4 

- 5 -  +  v 

2R0t0  +  t‘ 

The  sprag  loads  can  be  converted  to  an  equivalent  pressure  by 

_  Fro  n  _  N  __  Q _ q 

P°  "  27rR0Le  “  2TrRoLe  X  N  RQ  TAN  olq  ~  2iTLeR2  TAN  aQ 

Since  Rq  SIN  =  R^  SIN  and  since  both  and  a0  are  small 
angles  (less  than  5  degrees) , 


Rq  TAN  aQ  s  Rq  TAN  Oij_ 


P„  = 


i  _  Q  x  *o  =  _ Q _ 

2TrLeR02  Ri  TAN  2nLeRiR0  TAN  a* 


00  2lTELeRi  TAN  dj. 


2r£  +  2R0t0  +  t£ 
2*0*0  +  t2 


+  V 


For  steel,  E  =  29  x  10b  psi;  v  =  .32. 


5  _  . 549xl0~8  Q 

00  RiLe  TAN 


2Rq  +  2RQtQ  +  tg 
2Rot0  +  t2 


+  .32 


83 


Defining  B 


+  .32 


,549  x  10 


-8 


RiLe 


2Rq  +  2RQtQ  +  tg 

2*0t0  +  t  1 


«o 


o  Q 
TAN 


SPRAG  DEFLECTION 

For  a  bar  of  length  r^  in  compression, 

_  Fr;£  ^  _  ri  Q  _  riQ 

ri  LtsE  LtsE  N  Rj_  TAN  a£  LtsEN  %  TAN  ai 

For  steel,  E  =  29  x  10^  psi. 

3.45  xl0“8  ri  Q 
6ri  Lts  N  Ri  TAN  ai 


Defining  C 


3 . 45x10“®  ri 
Lts  N 


f  ^  p  Q 
6ri  "  TAN  a;L 

For  a  bar  of  length  rQ  in  compression, 

6r0  =  ,_F-rQ  ..r.°  =  r°  x  Q  =  r°Q _ 

°  LtsE  LtsE  N  R0  TAN  aQ  LtsE  N  RA  TAN  ai 

.  3-  45X10-8  r0Q 

Lt g  N  Ri  TAN  ai 


Defining  D  =  3.45x10  8  rQ 

Lts  N  Ri 
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6r  =  D  — § - 

ro  TAN  otj_ 

SPRAG-RACE  CONTACT  DEFLECTION 


The  approach  between  a  steel  cylinder  and  plane  is  given  by 
q  p  •  9 

<5C  =  .  436x10“® 

L'8 


JC1 


=  . 436xl0~8  .9  . 436xl0~8 


T8— xFr 


.8 


N  TAN  ai 


.9 


_  . 436x10“® 


6ci  -  .  8KT .  9n  .9 


L  N  *  R  .* 

l 


.9 


TAN  a. 

l 


Jco 


=  .436x10-8  x  p  <9  =  .436xlO~8 
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.8 


1  .9 


N  Rq  TAN  otQ 


Since  Rq  SIN  aQ  =  R^  SIN  and  since  both  ot^  and  otQ  are  small 
angles  (less  than  5  degrees)  ,  R0  TAN  aD  -  Ri  TAN  a^. 


6 


co 


L 


436x10-8 
‘ 8N,9R^9 


Q 

TAN  aj_ 


9 


Defining  H  =  >436x10  8 
L • 8N • 8r*  9 


5ci  =  ^co 


H 


Q 

TAN  ai 


9 
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CALCULATION  OF  STRUT  ANGLE  VERSUS  TORQUE 


For  a  given  torque  Q  and  an  assumed  inner-race  strut  angle  a^, 
the  change  in  the  dimensions  ri,  ro,  Ri,  and  Ro  can  be  deter¬ 
mined  by  the  methods  of  the  preceding  paragraph. 

Letting  the  primes  denote  deflected  dimensions  and  defining 

x  =  _Q _ 

*  TAN  ai  * 


R'  =  R  +  Bx  +  -5-  x 
o  o  2 


With  the  deflected  dimensions  and  the  method  for  determining 
deflections,  the  contact  angle  0'  and  thus  the  inner-race  strut 
angle  ai '  can  be  determined.  The  solution  can  be  obtained  by 
iterating  until  the  initially  assumed  ai  is  equal  to  that  re¬ 
sulting  from  the  calculation. 


SPRAG-RACE  CONTACT  STRESSES 


Sci  =  .798 


Sco  =  . 798 


Fri  E{2Ri  +  2ri) 

1/2 

=  .399 

QE  (Ri  +  ri) 

2LU-v2)  (2Ri)  (2ri 

LNR2r.TANai (l-v2) 

_  - 

li  x 

- 

1/2 

- 

Fr0  E(2R0  -  2r0) 

=  .399 

QE  (Rq  -  ro) 

2L(1-V2)  (2Rq)  (2r0 

LNR2r  TANa  (l-v^) 
o  o  o 

1/2 


-|l/2 


For  steel,  E  =  29  x  106  psi;  v  =  .32.  And  since  R0  TAN  aQ  - 
Ri  TAN  ai. 
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Sci 


2268 


Ri  +  Q 

-  x  - 

LN  r .  Rr  TAN  a. 
l  l  l 


1/2 


Sco 


2268 


Ro  "  ro  „  Q 
LN  r0RiRQ  TAN  ai 


1/2 


RACE  STRESSES 

For  a  thick  cylinder  under  uniform  external  pressure. 


Si  =  2Pi 


R1 


-  t2i 


Since  Pi  =  - - - 

2 it  LR7  TAN  oj 


S,  = 


ttL  (2R .  t .  -  t?)  TAN  Oj 

ll  1  1 


For  a  thick  cylinder  under  uni 


so  “  Po 


2Ro  +  2 Roto  +  to 

2Rt  +  t? 
o  o  o 


Since  Po  =  -  U - 

2  7 T  LRq  TAN  ctQ 

and  Rq  TAN  aQ  =  R^  TAN 

So  =  *4  *  +  4  x  o 

2ttLR  Rj  ( 2R_ t_  +  th  TAN  a\ 
o  1  o  o  o 
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CAM  RISE 


CR  =  6q  +  5i  +  6rQ  +  6ri  +  6Cq  +  6C± 


ACR 

Percentage  cam  rise  =  x  100 

CR 


Clutch  rollover  occurs  when  the  cam  rise  is  100  percent  of 
the  available  cam  rise. 
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LIST  OF  SYMBOLS 


ACR  available  cam  rise,  in. 

CR  actual  cam  rise,  in. 

E  modulus  of  elasticity,  psi 

e  offset  between  centers  of  r^  and  rQ,  in. 

h  sprag  height,  in. 

L  sprag  contact  length,  in. 

(If  clutch  contains  two  rows,  L  is  twice  the  length 
of  each  sprag.) 

Le  effective  sprag  length  (1.05L),  in. 

N  number  of  sprags  per  row 

Q  clutch  torque,  in. -lb 

R  race  radius,  in. 

r  sprag  cam  radius,  in. 

S  race  circumferential  (hoop)  stress,  psi 

Sc  sprag-race  contact  stress,  psi 

t  race  thickness,  in. 

ts  sprag  thickness,  in. 

v  Poisson's  ratio 

a  strut  angle ,  deg 

3  contact  angle ,  deg 

Subscripts 
i  inner  race 

o  outer  race 
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